VLBI is the only tool presently capable of resolving an extragalactic supernova in the first few years after the explosion. It thus allows us to study the expanding shell of ejecta and its interaction with its surroundings. I briefly review the results obtained so far, and report on new results from VLBI observations of supernovae including SN 1979C, SN 1986J, SN 1993J and SN 2008D. VLBI observations provide a direct constraint on the size and expansion velocity and deceleration of the supernova shock front. Monitoring the expansion of a supernova can provide information on the density profiles of both the circumstellar material and the ejecta, and thus on the mass-loss rate of the progenitor, as well as providing a geometric estimate of distances to the supernova with the expanding shock front method. So far, VLBI observations show that most supernovae seem to have shell structure, indicating interaction of the ejecta with the circumstellar medium. VLBI observations also provide constraints on relativistic ejecta, which are important in discussions concerning the relationship between SN I b/c and Gamma-ray bursters.
Since the Galactic supernova rate is only on the order of one per century, with the last detected one occurring ∼300 yr ago, we must look outside the Galaxy to study supernovae. At distances beyond the Magellanic Clouds, however, resolving a supernova in the first few decades of its life requires milliarcsecond resolution. This, in turn, requires very-long-baseline interferometry (VLBI), the only technology that allows sub-milliarcsecond resolution imaging.
The ejecta thrown out by a supernova explosion expand and interact with the circumstellar medium (CSM). This interaction gives rise to a forward shock driven into the CSM and a reverse shock driven back into the ejecta. These shocks, and associated instabilities, can both amplify the magnetic field and accelerate the particles, which are the ingredients necessary for synchrotron emission.
Only supernovae with a relatively dense CSM produce radio emission detectable with current technology, and so far, only core-collapse supernovae, that is, types Ib/c and II, have been detected in the radio. Almost all supernovae are first discovered optically, with only a fraction having detectable radio emission. If a supernova is radio-bright, then global VLBI at cm wavelengths can resolve the young supernova shell out to distances of 10 -20 Mpc. So far, approximately 14 supernovae have been observed with VLBI (see table in reference [1] ; for another recent review see [2] ). Well resolved images, however, have been possible in only a few cases. With the exception of SN 1987A, which was resolved with the Australia Telescope Compact Array, only three supernovae have been sufficiently close and radio-bright to allow well-resolved VLBI imaging since shortly after the supernova explosion: SN 1986J (NGC 891, ∼10 Mpc) and SN 1993J (M81, ∼4 Mpc), and SN 1979C (M100, ∼16 Mpc), although several older supernovae in M82 also have well-resolved VLBI images [e.g., 3, 4] .
The rewards of studying supernovae with VLBI are many. Resolving of the expanding shell of ejecta allows us to study in detail the interaction of the ejecta with the CSM, which is generally the stellar wind from the supernova progenitor. Over just a few years, such expanding supernova shocks allow us to probe the last ∼10,000 yrs of wind history of the progenitor. VLBI imaging also allows us to study the evolution of the supernova shell, the shock acceleration process, and possibly the emergence of a black hole or a neutron star compact remnant. Finally VLBI studies of supernovae are also an important tool for measuring the supernova rate, and thus the star formation rate, in star-forming regions, which are typically highly obscured in the optical.
SN 1993J
SN 1993J remains the best studied radio supernova, with the possible exception of SN 1987A. It was amongst the brightest radio supernovae, reaching a peak flux density of ∼100 mJy. The first VLBI observations were obtained after only one month, and continue to the present, albeit with a reduced cadence. The VLBI images show a remarkably circular shell morphology [5, 6, 7] . The angular expansion velocity could be accurately measured, and it is the first supernova for which a changing deceleration rate could be measured [8, 9] . A direct distance to M81 of 3.96 ± 0.29 Mpc, slightly larger than the commonly used Cepheid distance, was determined using the "expanding shock front" method [10] .
The expansion of the shell is very symmetrical about the explosion center [11, 6] . In fact, astrometry shows that the expansion is circularly symmetrical about the explosion center to within
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Supernova VLBI Michael Bietenholz 5.5% in projection. A sequence of images of SN 1993J, accompanied by an animation showing its expansion over a decade of VLBI imaging, is shown in Figure 1 . At early times, there are clear, time-dependent deviations from circular symmetry, with brightness modulation by at least a factor of two [6] . Such modulation may persist to late times, however, the low signal-to-noise ratio makes it difficult to establish this conclusively. 1
SN 1986J
Supernova 1986J is one of the very few supernovae discovered in the radio, probably about 3 years after the explosion. An early VLBI image of it marked the first time shell-like structure was 1 It has been pointed out that some apparent deviations from circular symmetry can be due to deconvolution errors coupled to the u-v plane sampling [12] . However, the systematic changes in the structure during the first five years or so cannot be due to such deconvolution errors because a) they are notably larger b) they are not bilaterally symmetric like deconvolution errors tend to be and, finally, c) the u-v coverage of the observations does not evolve in any systematic way from epoch to epoch [see also discussion in ref. 6 ].
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Supernova VLBI Michael Bietenholz seen in an IAU-designated supernova [13] . Its structure is rather more distorted than the text-book shell of SN 1993J, as can be seen in the image in Figure 2 (also accompanied by an animation showing the evolution of the supernova from almost 20 years of VLBI imaging). However, despite the distortions, the outline of the shell remains roughly circular, suggesting that the expansion is relatively symmetric, rather than, for example, being bipolar. SN 1986J also has the distinction of being the only supernova with a central component, which has a notably different radio spectrum than the shell, as can clearly be seen in the dual-frequency image in Figure 2 . The nature of this component has not been conclusively established, however a possible candidate would be that it is emission associated with the compact remnant of the explosion, which in the case of SN 1986J could be either a black hole or a neutron star [14] .
SN 1979C
This supernova, about 16 Mpc away in M100 in the Virgo cluster, was one of the most optically and radio luminous Type II supernovae ever seen. The first VLBI observations were carried out in 1982 [15] . Since then, the expansion rate has been measured [16] , leading to a substantially lower, and likely less model-dependent, estimate of the progenitor's mass-loss rate than does light-curve fitting [16] 
Other Supernovae observed with VLBI
A total of about a dozen more SNe have been observed with VLBI, including SN 1987A [18] , SN 1996cr [19] , SN 2001em (more below), SN 2001gd [20] , SN 2004et [21] , and SN 2007gr [22] . SN 1987A is close enough that its structure could be resolved both in radio optical and in X-rays [e.g., 23]. It has a shell structure at all three wavelengths.
In addition to studies of individual supernovae, wide-field VLBI images of star-forming galaxies have yielded fruitful results. Wide-field VLBI observations of the nearby starburst M82 have shown a number of supernovae and supernova remnants [e.g., 4]. The extreme starburst galaxy Arp 220 has been imaged with VLBI for over a decade, and the rate of new radio supernovae is 4 ± 2 yr −1 [24] . Radio observations of the starburst galaxy Arp 299 show that the rate of radio supernovae must be about 1 per year [25] .
SNe and GRBs: Relativistic Ejecta?
It has been shown that long-duration gamma-ray bursts (GRBs) are associated with Type I b/c core-collapse supernovae. Superluminal expansion was in fact seen with VLBI in the case of GRB 030329/SN 2003dh [26] . As GRBs are thought to be highly beamed, off-axis GRB events should be at least 10× more common than the ones seen as GRBs. The prospect of resolving the jet of an off-axis GRB event associated with a Type I b/c supernova is therefore a tantalizing possibility.
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So far, however, this prospect continues to remain elusive: no emission clearly associated with an off-axis burst has yet been identified, although fairly strong afterglow is emission expected from such jets, particularly in the radio. For two relatively recent SNe, namely SN 2001em and SN 2008D, both of which were moderately bright in the radio, the presence of relativistic ejecta was suggested, based on their strong X-ray and/or radio emission. VLBI observations of both were carried out to provide direct observational constraints on the presence of relativistic ejecta. In both cases, the VLBI images showed no evidence for any radio-bright relativistic ejecta (for SN 2008D, see [27] ; for SN 2001em, see [28] and [29] for the most recent results. Nonetheless, VLBI imaging of future candidates will provide the most definitive test of the presence and morphology of relativistic ejecta.
Summary
VLBI imaging has provided us with a great deal of information on young supernovae. The determination of the expansion speed and deceleration provide important constraints on the massloss history of the star, which are less model dependent than those available from light-curve fitting. As far as structure, all the supernovae that have been imaged with sufficient resolution so far show an edge brightened structure which is roughly circular in outline. 2 This is the expected morphology of an optically thin spherical shell. This suggests that the maximum velocity of the supernova ejecta is isotropic, in other words the explosions tend not to be one-sided or bipolar in this respect. However, all the resolved supernovae also show significant asymmetries in the brightness, with onesided and bipolar and possibly more complex brightness enhancements of the basic shell structure being seen. This implies that significant density anisotropies, either in the CSM or in the ejecta, are a common feature. Since supernovae observable with VLBI are not common, it will be important to continue to exploit these opportunities to the fullest in the future.
